Introduction
Publications dealing with carbon flux in the ocean often introduce the issue in terms of the biological pump, drawing down (anthropogenic) CO2 from the atmosphere, with the potential to shape and/or modulate climate. Although in the framework of climatic processes the physical pump dominates in strength, the biological pump (through particle formation and vertical export) is the only process that drives gradients in seawater carbonate [Lampitt and Antia, 1997; Schtitzer, 2000] and to the sediment surface [Jahnke, 1996] . Perhaps more importantly, biology responds to changes in climatic conditions in a manner that is complex and can be nonlinear, triggering shifts in functional groups of organisms that change the oceans' biogeochemical functioning [e.g., Kart et at., 1997; Riebesett et at., 2000].
A major goal of the Joint Global Ocean Flux Study (JGOFS) has been to better understand the physical and biological conditions that control regional variations in the strength and efficiency of the biological pump. The net effect of the biological pump on drawdown of atmospheric CO2 depends on three main characteristics. First, the mode and speed of particle sinking determines the depth to which particles are exported and the degree to which they are remineralized in the water column. Empirical studies have yielded algorithms linking primary production to particulate organic carbon (POC) flux and water depth [e.g., Suess, 1980; Pace et at., 1987; Berger et at., 1987] that are useful for calculating the fraction of productivity that is exported (i.e., the export ratio, ER = POC flux/primary production). There are significant regional differences in the ER normalized to a single depth (e.g., ER2000m by Lampitt and Antia [1997] Table 1 .
Second, the drawdown of atmospheric CO2 is not just a function of the organic tissue pump but results from the ratio of particulate organic carbon (POC) to particulate inorganic carbon (PIC = calcite + aragonite) in export, termed the rain ratio (RR = POC:PIC), since photosynthesis and calcification have opposing effects on seawater pCO2 [Frankignoulle et al., 1994; Archer and Meier-Reimer, 1994] . The rain ratio is thus a measure of the "efficiency" of biological carbon sequestration. The carbonate (alkalinity) pump changes the total carbon:total nitrogen ratio of export (and thus has an effect on ApCO2 between the atmosphere and surface ocean) that is decoupled from the ratio of carbon to nitrogen in subthermocline upwelled water. Globally, there are large variations in the rain ratio (POC:PIC) in sedimenting particles, with higher ratios in the Pacific Ocean than in the Atlantic Ocean and higher rain ratios Goering, 1967; Eppley and Peterson, 1979] equates the sum of allochthonous nitrogen inputs into the euphotic zone through vertical mixing, nitrogen fixation, and other external sources with the downward fluxes of particulate organic nitrogen (PON) and dissolved organic nitrogen (DON). Since DON fluxes at the base of the euphotic zone may not be negligible, particulate organic matter flux can approximate but probably never equal new production. Equating new production to export production and using global and regional estimates of new production [Falkowski et al., 1998; Oschlies and Gatcon, 1998 ] thus allows estimation of the fraction of primary production available to export in organic particles. New production does not, however, quantify carbon export in any climatically relevant sense since of maximal seasonal ventilation and not the euphotic depth and Third, it is important to emphasize that for carbon export to (2) the net effect of biology on seawater pCO2 must include be effective on climatically relevant timescales, particles must calcite formation and export, which is decoupled from new leave the seasonally mixed layer, that is, that layer which is production. Highest POC remineralization [e.g., Suess, 1980] mixed at least once during winter overturning. The widely used and calcite dissolution [Milliman et al., 1999] depth; in this depth horizon, export production and sequestration diverge. Quantification and characterization of the biological pump was a central goal of the JGOFS study, and a large amount of data is now available from long-term sediment traps deployed in the Atlantic Ocean. Though the use of sediment traps has its own caveats, its strength is that it collects sedimenting particles that reveal qualitative information that has greatly enhanced our understanding of biogeochemical cycling in the oceans. A major problem, as we emphasize, is the uncertainty of the efficiency of traps in collecting sinking particles [Gust e! al., 1994; Scholten e! al., 2001].
In this paper we use a compilation of sediment trap data from 27 sites in the Atlantic Ocean to determine the role of the biological pump in transfer of carbon to the ocean's interior and to investigate its regional characteristics and variability. We estimate the basinwide potential of the biological pump for CO2 sequestration from the atmosphere and its dependence on local production. We also concentrate on determining regional variations in flux characteristics and export efficiency, since these are important for predicting the response of the biological pump to changes in climatic forcing.
Materials and Methods

Database
Data have been collated from 27 sites ( Figure 1 ' for site acronyms, see also Missing values were interpolated for intervals of up to 2 weeks using the mean value of the neighboring cups. Where gaps in the data occurred during low and constant flux (such as in winter), the mean value of that period from the entire data set was used if appropriate.
Annual Integrals
Since annual fluxes are used to quantify the relationship to surface productivity, care was taken to integrate over appropriate OCEAN 
Primary•ew Production •timat•
The selection of primary production estimates also proves to be no trivial matter. We compared estimates from the models of 3. Results and Discussion [1996] and (right) using primary production estimates from the BATS site. Table  1 ). Variations in flux between these years reflect these changes in annual production, such that differences in export ratio between years based on a single model estimate (Figure 4b , left) are largely lost when using site-specific real-time data (Figure 4b, fight) . There are precious few sites for which such data are available, and these results point to an extremely tight coupling of production with flux over annual timescales.
1992, respectively (integrated over the time periods listed in
In summary, we conclude that although there are some interannual variations in flux and the extent to which it decreases with depth, these are smaller than the differences between sites, allowing intersite comparisons based on the available data. Use of any single algorithm, aside from yielding quantitative differences in export, implies that there is a globally applicable export ratio to a particular depth. However, it has been demonstrated that regional differences in export ratio exist and are related to the seasonality of export, with more pulsed export systems (typical for temperate and polar regions) exporting about twice as much of their production as systems with more constant export (typical for oligotrophic tropical systems) [Berger and Wefer, 1990 
Relationship of Export Ratio to
Regional Characteristics of Export and Composition of Sinking Particles
Regional characteristics based on the above analyses are still potentially influenced by methodological biases. We therefore make another comparison on the basis of the composition of sedimenting particles, by conducting principal component analyses (PCA) on the dry weight (DW)-normalized POC, PON, opal, and carbonate fluxes (i.e., fluxes expressed as a fraction of DW flux) for the entire data set. The PCA is a technique of linear statistical predictors that has been widely applied in environmental sciences [Jackson, 1991] . All statistical calculations were made using logtransformed data to improve the homogeneity of variance. The first two principal components span a two-dimensional plane onto which each point can be projected. The plane is chosen in such a way that the variance of these projections is as large as possible. biological pump exports to depth, providing a feedback mechanism to climate change.
Rain Ratio
Since one of the aims of this study is to derive an estimate of basin-wide export flux as it is related to drawdown of atmospheric CO2 by the biological (tissue and carbonate) pump, we examine regional and depth-related changes in the ratio of organic to inorganic carbon exported (POC:PIC, rain ratio, RR). Photosynthesis decreases the pCO2 of surface waters, whereas calcite production increases pCO2, altering the carbonate equilibrium of seawater such that at a molar POC:PIC ratio of 0.6:1, there is no net change in pCO2 [Kano, 1990] Within the nonpolar open ocean, and within the scatter of the data used to determine equation (2), there is a weak latitudinal trend of higher rain ratio at higher latitudes. These high-latitude areas, which have higher export ratios and more pulsed export (Figure 10b ) are more efficient net carbon exporting systems than the low-latitude systems. The ultimate gradient in pCO2 between the surface ocean and atmosphere that can be equilibrated through gas exchange must take the rain ratio into account at the depth of maximal winter mixing. We estimate the net effect on surface seawater pCO2 by using the opposing processes of organic and inorganic carbon export at the mixed layer depth that we term the "effective carbon flux," defined as the carbon export at the winter mixed layer depth that drives a potential drawdown of CO2 from the atmosphere to the ocean: Table 3 ). A further assumption was made to account for the continental margins where the WML depth impinges on the slope. These areas are characterized by high productivity due to topographically induced upwelling; however, the majority of export production remineralized on the shelf and upper slope does not contribute to long-term sequestration of carbon [Antia et al., 1999 ]. Thus we take the slope depth to the depth of maximum winter mixing as the continental boundaries of our calculations. Input data consist of annual primary production [Antoine et al., 1996] and maximum mixed layer depths from monthly resolved data based on climatological temperature and salinity data [Monterey and Levims, 1997]. The mixed layer depth is defined as the change in density with respect to the surface by 0.125 kg m -3. As has been pointed out by Smith and Mackenzie [1991] , the mere functioning of an oceanic biological pump is not sufficient to alter atmospheric CO2 levels or to respond to anthropogenic CO2 increase unless one of two conditions are met: a change in the efficiency of stripping available nutrients or an increase in availability and use of nutrients from land runoff. As discussed here, the effective carbon fluxes from the biological pump can vary as a function of changes in ventilation depth and rain ratio that are independent of these conditions. Projected changes in wind-driven mixing in the temperate North Atlantic, aside from altering nutrient availability and thus the absolute levels of export production, will change the efficiency of sequestration by the combined effect of shallower ventilation (and thus equilibration with the atmosphere) and the higher rain ratio. Additional changes due to a shift from opal-to carbonate-producing organisms will have a negative feedback, lowering sequestration efficiency. 
